Introduction
Upper tropospheric clouds, such as cirrus, have been identified as one important regulator of the radiance balance of the earth-atmospheric system (Liou, 1986) . They cover about 30% of the Earth′s surface at any one time, and play an important role in the Earth′s climate system owing to their capability of trapping outgoing long-wave (greenhouse effect) and reflecting solar radiation (albedo effect), as well as in the troposphere-stratosphere exchange. The radiative impact can be determined by the balance greenhouse-versus-albedo effects (Liou, 1986; Wylie et al., 1994) . The interaction between these two effects is at the core of the radiative budget and therefore the radiation balance depends on the optical properties as well as the thickness, height and temperature of the cirrus layers (Seifert et al., 2007) .
As Immler et al. (2008) pointed out: "a clear definition of what should be classified a cirrus clouds is missing to date". Moreover, Ström et al. (2003) , emphasizes that what is interpreted as a cloud by one sensor might be interpreted as cloud free air by another. Due the different definition referred to what a cirrus cloud must be, we consider the more general definition to classify the sample presented here, given by the International Coordination group on Laser Atmospheric Studies (ICLAS) (Linch et al., 2002) : cirrus clouds derived from lidar measurements are layers of particle above 6 km situated in an air mass with temperature of −25°°C or colder which in addition display a large temporal and spatial variability.
The cirrus clouds appear below the tropopause, especially in the tropics (Beyerle et al., 1998) and they have been observed also above the local tropopause at mid-latitudes (Goldfarb et al., 2001 ) and polar regions (Formenti et al., 1999; Kärcher and Solomon, 1999) . As the mean distance between the tropopause and the hygropause increases from 1 km at low latitudes to 4 km at high latitudes (Chiou et al., 1997) , the probability for cirrus to form above the thermal tropopause increases from the equator to the poles, whenever the formation conditions are met. This is coincident with the more recent definitions of the tropopause which view it as a layer of latitudinally varying thickness rather than as a rapid transitions (Bischoff et al., 2007 and references therein) . Therefore, monitoring tropopause cirrus clouds height and its time evolution might be considered to be an alternative way, scarcely used at mid-latitudes, with an accuracy equal or higher than rawinsonde., i.e.: tropopause cirrus clouds can be viewed as tropopause tracers.
Due to the high altitude of the cirrus clouds, in situ measurements of their properties are a difficult issue. Moreover, in the Southern Hemisphere, particularly over Argentina, the top of these ice clouds are often located close to the tropopause, which means high altitude observations are a necessity.
Cirrus clouds near the tropopause have been characterized in situ by aircraft (Heymsfield and McFarquhar, 1986; McFarquhar et al., 2000; Pfister et al., 2001; Luo et al., 2003) , from space using as examples MODIS and IRIS satellite imagery (Prabhakara et al., 1998; Dessler and Yang, 2003) and limb scanner imagery from space shuttle (Winker and Trepte, 1998; Spang et al., 2002) . Finally a global overview was carried out by the Satellite Cloud Climatology Project (ISCCP). Though the satellite observations provide valuable information on cirrus clouds, they have limitations on spectral, temporal and spatial coverage. This stresses the need for local active remote sensing, such as lidar, whose capability to detect high and optically thin cirrus makes it one of the most appropriate instruments for cirrus study (Noel et al., 2007) .
Lidar retrievals of atmospheric parameters are an effective tool to characterize the time and spatial evolution of the atmospheric boundary layers as well as to investigate the physics properties of the cloud composing particles (Wang et al., 2005) . Physical parameters of primary concern are thickness and altitude of the cirrus clouds. Moreover, mean altitude and mid-cloud temperature play an important role in determining cloud radiative properties (Sunilkumar and Parameswaran, 2005) .
Large number of experiments were conducted to investigate and improve our knowledge in different regions of the globe using various techniques employing lidars: Uthe and Russell, 1977; Liou,1986; Sassen et al.,1989; Ansmann et al.,1992; Wang et al., 1996; Platt et al., 1998 Platt et al., , 2002 Heymsfield et al., 1998; Sassen et al., 2000; Goldfarb et al., 2001; Comstock et al., 2002; Keckhut et al., 2005; Sunilkumar and Parameswaran, 2005; Seifert et al., 2007; Immler and Schrems, 2002; Immler et al., 2008 , among others. However, over southern mid-latitudes the vertically and temporally resolved measurements of cirrus clouds properties are still scarce. In fact, to the best of our knowledge, except the INCA project concerning cirrus clouds over Punta Arenas, Chile (Immler and Schrems, 2002) , there are virtually no studies referring to the tropopause cirrus over the Southern Hemisphere (SH), in particular linking their presence with tropopause height.
This contribution presents the first comprehensive lidar based cirrus cloud analysis for Buenos Aires, Argentina. The primary goal of the present work is to provide insights on two comparable datasets, derived from rawinsonde and lidar system on SH mid-latitude cirrus clouds, respectively, for this region, in order to analyze the tropopause height and its temporal evolution, by analyzing the evolution of the top of these cirrus. Furthermore, the paper describes some of the particular regional properties like thickness, temperature and altitude, of the detected cirrus.
Lidar system
The elastic backscatter lidar used for the present work is located in Villa Martelli near Buenos Aires (34.6 S, 58.5 W) and is based on Nd: YAG laser transmitter (Continuun-Surelite II) which delivers around 300 mJ by pulse at 532 nm with a 10 Hz pulse repetition frequency, 5 ns pulse duration, with a tilt angle less than 0.6 mrad. A dual telescope receiver is used to handle the large signal dynamic range. An 8.2 cm diameter Cassegrain telescope covers the range between 50 m and 6 km, while a 50 cm diameter Newtonian telescope covers from 300 m up to 28 km. The two telescopes are pointed at zenith. A field of view less than 1.5 mrad is normally used for both telescopes.
In order to improve the system for future measurements, two interferential filters at 532 nm and 1064 nm were added to reduce the radiometric background during daytime. The 8.2 cm diameter telescope has now two channels at 532 nm Photomultiplier (PTM) and 1064 nm Photodiode (PD), while the 50 cm diameter telescope has three channels: 532 parallel, 532 perpendicular and 1064 nm. The optical part of the detection channel implemented on the 50 cm diameter telescope is based on two optical elements. On one side, a dichroic mirror is used to separate the two probing wavelengths (R = 95% in 532 nm and T = 85% in 1064 nm) (Lavorato et al., 2004) . On the other side, depolarizer unit is used to separate the polarized parallel beam from the perpendicular one at 532 nm. The 1064 nm signal is focused and sent onto a PD detector by a fiber optic link. The fiber optic is coupled directly to a photodiode (YAG-100-Quantum Efficiently = 50% at 1064 nm). A large band and high gain photomultiplier amplify the electrical signal, which is sent to the analog to digital converter and data acquisition unit.
After detection by high gain-low noise PMTs and PD at 1064 nm, the lidar signal is low-pass filtered with an 800 MHz cut-off frequency filter in order to eliminate radio frequency noise. The analogue to digital converter is a 10 bits/25 MS/s numerical oscilloscope. Such a lidar system allows to measure daily lidar signals with a quite good signal to noise ratio in absence of high level cloudiness, pollutants or aerosols.
Data and methodology
The selection criterion used to collect data during the present campaign was at first restricted by the availability of measurements; i.e., the visibility of the cirrus from the ground and the absence of aerosols or pollutants between the boundary layer and the tropopause layer. On the other hand, the optical thickness or the optical depth (O.D.) also influences the measurements; i.e., an optical thickness greater than 3 might require other computational process in order to obtain a reasonable extinction coefficient. Hence, only those daily measurements in a clear sky or absence of aerosols, with O.D. less or equal than 3 was considered. Those measurements that do not satisfy this criterion were excluded from this study. The uncertainty caused from the selection criterion is estimated to be 15%.
In order to study tropopause height, only the high resolution lidar signals are considered, which were plotted in a logarithmic scale plot for the electric pulse. These signals are mathematically processed in three stages in order to correct the range of the scale, filter the noise and obtain the best signal to noise ratio. The final lidar signal is averaged with more than 500 laser shots. By adjusting the slope of the high resolution signal with a linear fit up to the point where the cirrus ends, it is possible to detect the tropopause height as the altitude of the last point of the cirrus clouds signal (Klett, 1981; Fernald, 1984) . This technique should be considered a graphic method to detect the tropopause height with a confidence interval of about 500 m. Here we use the conventional thermal tropopause height, as given by the World Meteorological Organization (WMO). This is defined as the lower boundary layer of an atmospheric layer in the upper troposphere in which the temperature lapse rate is less than 2°C km − 1 and this layer has to be at least 2 km thick (WMO, 1992) . Due to the ambiguity of the thermal tropopause definition with respect to the different processes involved in both hemispheres (Shepherd, 2002) which are also used to define it, e.g., chemical tropopause and dynamical tropopause, it should be noted that when we refer to tropopause, the Extra- In this study a set of 60 cirrus cloud signals are considered for the period 2001-2005. It is important to note that the profiles collected correspond essentially to diurnal signals. Hereafter these profiles will be called events, where each event represents a profile for a specific year, month, day and hour, i.e., instantaneous measurements.
The measurements derived from lidar system were compared with the local rawinsonde launched at Ezeiza (SAEZ, which is 25 km away to the west the lidar system) and provided by the Argentine Servicio Meteorológico Nacional (SMN), in order to evaluate the accuracy of the lidar system and the detection approach used here. The SMN data set used in this study is restricted to 00 UTC and 12 UTC when available.
Results and discussion
Cirrus monitoring was continuously carried out for up to nine consecutive hours for each event. The temporally averaged lidar signal profiles were recorded with 6 m of vertical resolution. Fig. 1 displays three examples of the cirrus cloud dataset collected during the present campaign. In cases of inhomogeneous structures (see Fig. 1b ) the mean cloud base and mean cloud top height were calculated during the entire observational period.
In these figures it is possible to observe at first sight, thick cirri in the ∼ 8-11.5 km height range, with thicknesses spanning 2.6-4.2 km.
The tropopause altitude was calculated using the slope method as described in the previous section. Fig. 2 shows the method applied for August 1st, 2001. For this case, the difference in cloud top altitude and tropopause height was about 0.25 km.
Using the data collected during the whole campaign, a preliminary analysis of the morphology of cirrus clouds, over Buenos Aires (34.6 S, 58.5 W) was carried out. Fig. 3 presents the frequency distribution for the clouds parameters of mean height and thickness. Fig. 3a shows the distribution of the cirrus clouds mean height. The occurrence height of the cirri is confined to the 10-14 km height range. The cirrus cloud heights are very close to the tropopause, in most of the cases, with the maximum occurrence in the range 11.5 to 12.0 km. Fig. 3b , which presents the distribution for occurrence of cirrus cloud top height with respect to the tropopause height, shows that cirrus cloud tops stay aligned with the tropopause height, while the cloud base shows more variability. In this sense, it is important to highlight that Fig. 3b represents not only the cirrus top height, but also the tropopause altitude with differences between cirrus top and the lapse rate tropopause altitude less than or equal to 0.5 km in ∼70% of the cases. Fig. 3d displays the difference values between cirrus top height and tropopause altitude. The plot stresses the small difference between lidar measurements and rawinsonde data, which reaches values of less than 0.6 km. This result shows a remarkable agreement between the two datasets under comparison, with a confidence ∼95%. Thus, in the light of the altitude behaviour of the cirrus top, it is possible to assume that top cirri over Buenos Aires, can be viewed as tropopause tracers.
Radiative properties of cirrus strongly depend on its temperature. Mid-cloud temperature is the parameter generally used for parameterizing (Heymsfield and Platt, 1984; Sassen and Comstock, 2001 ) their radiative properties. Fig. 4a displays the distribution of cirrus occurrence with cloud temperature for the dataset under study. The plot displays a first maximum between −69°and −67°C, with two secondary maxima at −65°and −61°C.
In order to identify similarities and differences in the cirrus properties for different latitudinal bands, present results are compared with measurements derived from lidar system at other latitudes. As was pointed out in several papers (e.g., Sassen et al., 1990; Ansmann et al.; Jensen et al.; Heymsfield and McFarquhar,1986; Goldfarb et al., 2001 ) at midlatitudes, the occurrence height of thin cirrus clouds is mostly between 8.5 and 11.5 km. Results derived from different research at mid-latitudes carried out by Ansmann et al. (1993) , Sassen and Campbell (2001) , Sassen and Comstock (2001) , Wang and Sassen (2002) , Reichardt (1999) , show that top heights were found most frequently from 11-13 km, with mean thicknesses around 1.8-2.5 km. Nevertheless, the thickness of the cirri at our southern latitude site seems to be greater than those classified as thin in previous work for other sites. Fig. 3c displays the distribution of the cirrus clouds mean thickness. The first maximum occurrence in this case, is found to be in the range 3.5-4 km, and two secondary maxima are located between 1.5 and 2.5 km. Both cases imply cirrus cloud thicknesses greater than previously reported mid-latitude thin cirrus. On the other hand, for tropical latitudes Seifert et al. (2007) , Sivakumar et al. (2003) , Sunilkumar and Parameswaran (2005) , show thickness values around 0.5-2.5 km (75% out of all cases). At the other end of the latitude range, Guasta et al. (1993) , reported for high latitude data from Dumount D′Urville (66°S, 140°E) , maximum thicknesses of 6-7 km, with mean value of ∼3 km at ∼−40°C. Finally, Immler and Schrems (2002) , show a comparison between 55°N, 53°S, as a part of the European INCA 2000 project. They found that mean thickness value is confined to 1.2 and 1.4 km for Prestwick (NH) and Punta Arenas (SH), respectively.
The mean height values for the present data, both in thickness as well as temperature mean value do not agree with the mean values reported above, for various latitudinal bands. Fig. 4b shows the cloud thickness with respect to cloud temperatures. It must be noted that 75% of the clouds of greater thickness are located between −65°and −70°C, values that also include the tropopause temperature range (Bischoff et al., 2007, International Satellite Cloud Climatology Project (ISCCP) ). This corresponds to a cloud thickness greater than 2.5 km. At higher temperatures, the plot shows a small decrease, but the thickness still can be considered a high value. Thus, even when the temperature range is small, it is important to note that while mean temperature and height values derived from our lidar system are closer to those found at tropical latitudes, thickness could be considered much closer to those found for mid to high latitude cirri. These differences must imply differences in the meteorological as well as geographical conditions between the latitudinal bands. On the one hand, the tropopause height and temperature values are in close agreement with those derived from rawinsonde as in the recent tropopause climatology by Bischoff et al. (2007) .
The thickness of the cirrus clouds is linked to the formation conditions they found in the atmosphere. In this sense, it is important to point out that the region under study has particular conditions that make the area special with regard to most other regions: there are few land areas in the hemisphere and southern South America virtually is a narrow peninsula surrounded by oceanic basins, i.e., the Atlantic and Pacific oceanic basins. Besides the very unequal land-water distribution, which contributes to the high occurrence of these clouds, the Andes mountain range, with an average height close to 6000 m in the latitude range under study, is a knife-edge obstacle that disrupts the horizontal quasiwesterly flow of the air mass over the Pacific Ocean. It is most probable that because of these particular conditions, that the cirrus detected over southern mid-latitudes over South America can reach greater thickness than the ones over other areas. Table 1 summarize the observational results of cirrus properties and highlights the remarkable differences with other latitudinal band characteristics, confirming that the cirrus cloud properties strongly depends on regional geophysical conditions.
Summary
Some mean properties of cirrus clouds over mid-latitudes are investigated using a lidar system located at Buenos Aires, Argentina. The study shows that the top of the cirrus clouds stays aligned very closely with the tropopause, as well as a good agreement between lidar height retrievals and rawinsonde thermal tropopause heights, with a confidence range of 0.5 km. Cloud height values show a maximum occurrence in the narrow 11.5-12.0 km range. With respect to temperature, Fig. 3d and Table 1 , display a remarkable correlation between temperature from rawinsonde data and lidar measurements. Therefore, we consider they can be classified as tropopause cirrus clouds, using the same term as Hartmann et al. (2001) and Garret et al. (2004) , among others, but for extra-tropical latitudes: Extra-tropical Cirrus Clouds (ExTCC). Thus, in light of the aforementioned behaviour of the top of these clouds, cirrus top can be considered as tropopause tracers. The analysis also reveals that when the cloud top is very close to the tropopause, the cloud thickness is not always as narrow as was generally accepted in the current understanding. In fact, the cloud average thickness derived from our lidar system is ∼2.4 km when the temperature is in the range −70°C to −60°C. This thickness value classifies them as thick cirrus, considering the standard lidar terminology. Table 1 summarize the representative values for the cirrus clouds under study and the comparison between other recent research of tropical and mid-latitudes cirri. The results derived from lidar measurements over Buenos Aires present particularly characteristics when compared with the others ones. Even when the results in the present study must be considered as preliminary results, it is possible to note that while height and temperature values seem to be similar to those corresponding to tropical cirrus, thickness values are in agreement with mid-latitudes mean values. This stresses the issue that cirrus cloud properties are strongly correlated with their geographical location and in consequence their climate conditions.
